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SECTION I
INTRODUCTION

The application of spot-weld bonding as a joining method for aircraft
structures has been hampered by the development of an aluminum adherend
surface treatment which is both bondable and weldable. Previously successful
spot-welding treatments do not yield an environmentally durable bond,

Standard bonding treatments give surfaces which are difficult to weld.

This program was structured to solve the paradox by first characteri-
zing the surface chemistry of the aluminum adherend in terms of the oxide
layers produced by the various treatments that produce the most stable
oxide layer. This oxide layer would then be controlled in thickness in a
manner to obtain maximum durability consistent with a prodiction spot-welding
capability. Secondly, concurrent studies were to be conducted in the area
of improving the corrosion resistance of the adhesive system used, Finally,
these two approaches would be combined to evaluate and compare the strength
and durability of spot-weld bonds made with and without an improved surface

treatment and a corrosion inhibiting adhesive.

The study to establish the surface character and reproducibility is the
Phase I segment of the program. Work on increasing the relative durability
of the spot-weld bond by incorporating corrosion inhibitors within the
adhesive layer is the Phase II segment of the program,

In Phase I1I, these two approaches are evaluated separately, combining
the optimum developments of each and evaluating these against the baseline
surface treatments, spot-weld etch, and metal-bond etch, using both the baseline
and modified adhesives. This characterization defines both the improvements

gained as well as the deficiencies remaining.




SECTION II

SUMMARY

The following paragrapl: contain a summary of the significant accomplish-

ments generated during the course of the contract effort,

1.

The Phase I effort of the program has defined the requirements of an

aluminum alloy surface which satisfies the requirements of Class A

weldability and significantly improved bondline durability. These

requirements are:

a. An oxide layer of boehmite GIA1203-H20) ’
b. A carefully controlled thickness of a maximum of ~700 A and a
minimum of ~400 10\
The oxide layer must be produced in an acid solution such as
the FPL etch, sulfuric acid anodize, chromic acid anodize, or
phosphoric acid anodize to provide a tenacious, somewhat porous

layer which forms a strong sealed bond with the metal adherend.
Surface treatment procedures which produce the above coating are:

a. The FPL etch (sulfuric acid/sodium dichromate)
b. The FPL etch plus a boiling water/sodium dichromate seal,

c. A low voltage (1 VDC) sulfuric acid anodize plus a dichromate
seal.

Based on the following considerations, the FPL etch followed by a 90
minute seal in boiling water/sodium dichromate solution was selected

for characterization of bond strengths in Phase III.

a. The FPL etch produces a thin coating of boehmite (100-4001)
which is not sufficiently stable to room temperature aging
(degradation is noted in between 25-50 hours) to provide satis-
factory out-time of the surface for manufacturing considerations.
The low voltage sulfuric acid anodize process is very difficult
to control in that the applied voltage is very low ¢l vDC)
and the anodizing times are very short (in the order of 30-60

seconds) to produce the required oxide thickness.,




c. The FPL etch plus 90 minute seal produces the required coating
thickness and the surface has been determined to be stable to

300 hours of ambient exposure at 72F and 507 R.H.

The Phase II work defined the effectivity of adding small amounts of
corrosion inhibiting modifiers to the baseline adhesive. This work
resulted in a formulation consisting of B.F. Goodrich A-1396B contain-
ing 7% by weight Cab-0-Sil to prevent adhesive runoff during cure and
3% by weight strontium chromate to provide corrosion inhibition,

This formulation is available from B.F, Goodrich designated as 0500-
PE-130.

Concurrent with the surface treatment and adhesive developments,

a complete set of welding parameters have been developed for deoxidized,
FPL etched, and sealed FPL etched surfaces using both the baseline
A-1396B adhesive and the chromate modified A-1396B. The welding theory

used to develop these parameters is included in this report.
The Phase III characterization studies have shown:

a. The importance of the boehmite oxide layer in promoting initial

adhesive strengths and resistance to stressed environmental

exposure,

The effectivity of modifying the adhesive with small amounts
of very slightly soluble chromates in improving bondline durabi-
lity.

A spot-weld bonded system consisting of surface treatment,
welding capabilities, and adhesive formulation which exhibits
strengths and durability nearly comparable to the presently
available structural adhesives, Strength levels of 4000-6000
psi in spot-weld bonded and adhesive bonded lap shear are
attainable with A-1396B and PE-130 adhesive. Durability
resistance to stressed environment has been compared to
FM=-123/BR-127 on Northrop IRAD. Results to date indicate
comparable durability,

.~
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SECTION III

TECHNICAL DISCUSSION

PHASE 1 - SURFACE TREATMENT DEVELOPMENT

The original goal for this phase of the program was to develop a surface
on the aluminum alloys which: (a) had a contact resistance of 1000 pohms

+ 10% with a stability of 40 hours without change at R.T., (b) consisted

of greater than 907 of the surface oxide as thetxA1203‘H20 composition and

crystal structure, and (c) contained sufficient corrosion inhibiting ions
or compounds to provide in situ reformation of the oxide if moisture per-

meation occurred.

Known procedures for developing the alpha oxide form on the aluminum
surface in varying thicknesses are FPL etch, boiling water immersion, and
electrolytic anodizing. Two procedures for incorporation of oxidizing ions
or compounds into the crystal structure are the addition of such compounds

within the boiling water immersion and the electrolytic anodize baths.

The first of the above procedures tried for producing the required oxide
surface was the sulfuric acid anodize process. Standard bath concentrations

and procedural steps are shown in the Appendix,

Validation of the process was conducted by anodizing standard 3- by 5=inch

aluminum panels and submitting these to standard salt spray exposure. Following

qualification, a series of panels were treated similarly except at reduced
times under anodizing conditions. Following treatment, including dichromate
sealing, surface resistances were measured. Values obtained are shown in

Table I for a standard 10 VDC anodizing in sulfuric acid,




TABLE 1

SURFACE RESISTANCE VERSUS ANODIZING TIME AT 10 VOLTS IN SULFURIC ACID

ALLOY ANODIZING TIME CONTACT RESISTANCE

2024-T3 Bare 5 min. Infinite

2024-T3 Clad min. Infinite

2024-T3 Bare min. 2000-5500 pOhms
2024-T3 Clad min. 1800-4500 yOhms
7075-T6 Bare min, 2100-4000 pOhms
7075-T6 Clad 2 min, 3000-4500 uOhms
7075-T6 Bare 2 min, 1000-2100 pOhms
7075-T6 Bare 1% min, 3200-6300 uOhms
7075-T6 Bare 1 min, 1200-4300 uOhms
7075-T6 Bare % min. 2000-5400 uOhms

Based on the high contact resistances shown in Table I even for the very
short sulfuric acid anodizing times, chromic acid anodizing was evaluated as an
alternate method. A standard chromic anodize bath (see Appendix) was set up and
evaluated as before by preparing samples for electron diffraction analysis and
salt spray exposure tests. When standard baseline conditions were established,
various reduced anodizing times were tried in the attempt to reduce the thickness
of the coating. The results of all attempts showed an infinite surface resistance
making the chromic acid anodize even less desirable than the sulfuric. This is
attributed to the higher anodizing voltages required (40-50 volts versus 10-

17 volts) and the required stepwise (5 volt increment) increase to the anodiz-
ing levels, It is felt that oxide surfaces are formed very quickly and then

build up to a corrosion resistant thickness over a period of time.

Additional testing has been conducted with the sulfuric anodize bath using
a lower voltage and current density. Specimens were prepared using a 5 volt
anodizing voltage for times of 30 seconds and two minutes. Contact resistances
for both times were approximately 1000 to 2000 pohms., More importantly, the

oxide resulting from treatment was aA1203-H20. Being able to obtain the re-

quired oxide layer at lower voltages allowed further experimentation at voltages

of one and three volts and changes in electrolyte concentrations.




A slower method of producing the oxide layer involved chemical treat-

ment of the surface in oxidizing baths. Primary among the chemical treat-

ments are the two procedures known to provide a nearly pure aA1703-H20 (boehmite)

surface on all the aluminum alloys, i.e., FPL etch and boiling water seal con-
taining sodium dichromate. The FPL etch forms a very thin coating of boehmite
with a fairly low contact resistance. This contact resistance varies from 30

to 200 M ohms depending on batch variation and alloy surface. Specimens were
prepared through the FPL etch and immersed in the boiling water/sodium dichromate
seal solution. Resistances on 7075-T6 bare aluminum averaged about 250 pohms
after a 30-minute seal up to about 800 Uohms after a 4-hour seal. However, the

variation after 4 hours was from 325 to 2400 Uohms.

The Alodine 1200 process has also been investigated as & chemical means of
producing the oxide layer. Surface resistance measurements on 7075-T6 bare
aluminum treated by this procedure were high, in the range of 1800 to 6000 iohms,
and it was subsequently determined that the oxide layer was a more hydrated
form of boehmite with a lesser degree of crystallinity. Evaluation of this

process is being discontinued.

A literature survey was conducted in conjunction with the experi-
mental phase of the surface treatment investigations to confirm and explain
the experimental evidence gathered. The most significant review article
covered in this survey is "Oxides and Hydroxides of Aluminum," Technical
Paper No. 19 by Karl Wefers and Gordon M. Bell, published by Alcoa Research
Laboratories in 1972. This paper provides a comprehensive review of all the
various aluminum oxides or hydroxides with the procedures for characterization
and synthesis, the standard nomenclature, and numerous physical and chemical

properties of each.

The first pertinent factor covered in the paper is that there are four
common and naturally occurring forms of the aluminum oxide that affect the

direction of this program. In terms of standard nomenclature, these are:

Bayerite - BA1203' 3H,0
Boehmite -(1A1203'H20
Diaspore = 3Al,04°H,0

Corundum -(YA1203
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A phase diagram showing the occurrence of these forms at various temperatures
and pressures in the presence of water or water vapor is shown in Figure 1

As shown in this phase diagram, only two forms of the oxide are of direct
interest to this program, namely, bayerite and boehmite. Bayerite forms
naturally on the surface of the aluminum adherend at ambient conditioms

of temperature and pressure to a temperature of 100C. Boehmite forms above

100C or will form due to electrolytic anodization., These oxide formations

have been confirmed by electron diffraction analyses of various prepared

surfaces as will be discussed in greater detail later in this report,

The second factor determined from the Alcoa paper is that the heat of
formation of bayerite is approximately -612.6 kcal/mole and that of boehmite
is =463.4 kcal/mole indicating the formation of bayerite as the stable end
product. This indicates a fairly large activation energy restricting the

conversion of boehmite to bayerite at room temperature.

Surface treatment development then concentrated on producing a controlled
thickness boehmite coating on the various aluminum alloys by anodization.
Procedures for thin film coatings were worked out using low voltage sulfuric
acid and phosphoric acid anodizing. Initially, a set of 0.064" x 1" x 2"
samples were prepared by either degreasing, alkaline cleaning, and FPL etch
deoxidize or degreasing, alkaline cleaning and Amchem 7/Nitric acid deoxidize
prior to anodizing. These samples were then anodized for 30 seconds at either
1,0 VDC or 3.0 VDC and then dichromate sealed in accordance with standard pro-
cedures (see Appendix). Surface contact resistances measured on three pairs

each of these samples are as follows:

FPL ETCH AMCHEM 7/NITRIC
DEOXIDIZE ACID DEOXIDIZE

Anodize 1 VDC 75, 85, 33 pohms 225, 360, 190 puohms
for 30 seconds 58, 73, 77 pohms 60, 220, 200 pohms
98, 42, 75 pohms 45, 70, 50 pohms

Anodize 3 VDC 45, 40, 38 pohms 390, 345, 370 pohms
for 30 seconds 37, 77, 130 pohms 510, 340, 110 pohms
52, 65, 73 pohms 350, 290, 190 pohms
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These results were very encouraging since they were the first to fall
within the range desired by the original program goals. Accordingly, additional
samples were prepared selecting the Amchem 7/Nitric acid deoxidize treatment
and 1.0 VDC and 2.0 VDC anodizing voltages to determine the time versus sur-
face resistance characteristics, The average results of these tests are

depicted in Figure 2.

In working out the parameters on phosphoric acid anodizing, it was found
that the following conditions gave a very thin oxide coating with a surface
contact resistance in the nominal range of 100 to 500 uohms on the four

alloy configurations.

Procedural Steps

Vapor degrease.
Alkaline clean - Turco 4215.
Deoxidize - Nitric acid/Amchem 7.

Anodize - 20-25 min. @ 10 +1 VDC in 11-16 oz./gal. phosphoric acid
@ R.T.

Oven dry at 150F-160F.

Note: Rinse in deionized water after steps 2, 3, and 4.

In low-voltage sulfuric acid anodize, voltages of 1.0, 1.5, and 2.0 VDC
were used for times of 2 through 10 minutes. It was found that sulfuric acid
anodizing at 1.5 volts for 10 minutes gave a fairly uniform coating with a

contact resistance of 300 to 700 pohms.

A series of 1" x 2" x 0.064" samples were prepared by the two above
anodizing procedures (1.5V sulfuric and 10V phosphoric acid) and submitted
for development of welding parameters. At this point in the program, it was
found that these surfaces were not weldable to produce Class A welds and that
contact resistance, per se, was not a valid measure of the weldability of a
surface consisting of a boehmite layer. A more complete discussion of welding
problems encountered may be found in the section on "Welding Parameters

Development,"

Since it was determined that neither sulfuric nor phosphoric acid anodized
surfaces were weldable and further that the required degree of control of coat-
ing thickness was not possible with the acid anodize treatments, it was therefore

decided to attempt the development of a process utilizing a "barrier layer”
9
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FIGURE 2. ANODIZING CHARACTERISTICS - CONTACT RESISTANCE VS. TIME




anodizing solution. These solutions are non-reactive to the aluminum surface
as contrasted to the acid baths which will dissolve the surface as the coating
is built up. This fact makes the process controllable by only controlling the

applied voltage, in which case an oxide layer of a theoretical thickness of

124 to 14A per volt applied is all that is built up.

The solution selected for development on this program is a 3 percent
ammonium tartrate solution operated at room temperature at a pH of 5.3.
Preparation prior to anodizing is the same as the Northrop standard spot-weld
cleaning procedure and consists of vapor-degrease, alkaline clean and nitric

acid/Amchem 7 deoxidize. Anodizing voltages of 10, 20, 30, and 40 volts D.C.

were tried for the first screening phase of the investigation. Surface contact
resistances of all these coatings were in the range of 150 to 500 pohms, How-
ever, none of the surfaces were weldable. The second trial set of voltages
were 1, 2, 3, 4, and 5 volts D.C. Of these voltages, 1 through 4 volts gave
fairly easily welding surfaces and the 5 volt anodize was somewhat borderline
in that expulsion occurred sporadically. Welding parameters were used to

select the final operating voltages for the anodize treatment.

An alternate technique of producing thin layer oxide coatings on the
surface was developed by using the standard hot water/dichromate sealing
process. Surface pre-treatments of either deoxidizing or FPL etching were
used and then followed by 30, 60, and 90 minute dichromate sealing. It was
found that surfaces prepared by FPL etch followed by a 90-minute dichromate
seal had the maximum oxide layer thickness that could be spot-welded success-
fully. Both surface treatments, ammonium tartrate anodize and FPL etch/

dichromate seal, were carried forward in the program until an optimum choice

could be made either by initial strengths or durability of the adhesive bond.




MICROSTRUCTURAL CHARACTERIZATION

Introduction and Summary

Throughout the program, microstructural analysis has been used to physi-
cally, chemically, and crystallographically characterize the anodic films
developed on aluminum base alloys through various techniques. In addition,
failure mechanics associated with weldbonded specimens and simple adhesive/
metal bonded specimens have been studied. The stability of oxides exposed to

"shelf-life'" environment were evaluated for thc more promising systems.

Characterization of the surfaces developed or aluminum base alloys
(2024-T3 and 7075-T6) through the use of both chemical and anodic processes

were monitored using the following techniques:

1. Auger Electron Spectroscopy (AES) monitored the surface chemistry

and profiled chemical changes through the oxide layer.

2. Scanning Electron Microscopy (SEM) was used to physically characterize

the oxide and measure relative thickness, In addition, the SEM was

used to perform failure mechanism studies on selected systems.

3. Selected Area Electron Diffraction (SAD) in either the SEM or trans-
mission 2lectron microscope was used to characterize the crystalline

form of the oxide formed by either chemical or anodic processes.

A technique was developed to provide an inexpensive method of examining
the oxide character and thickness on the SEM. A wide variety of prepared
surface treatments have been characterized as to type and thickness., These
have included (1) FPL etched, (2) FPL etch plus dichromate seal, (3) ammonium
tartrate (high and low voltage), and (4) sulfuric acid (high and low voltage).

Thickness of oxide layers as a function of chemical or anodic growth
vere measured, and crystallographic analysis was performed to verify the exis-
tence of the aAl,0,-H,0., Series of samples were run and evaluated to deter-

2872
mine the reproducibility of the oxide growth process from sample lo sample.
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Failure analyses in terms of a proposed 'durability" surface model were
performed on adhesive/metal interfaces as well as weldbonded specimens in the

as-bonded and stress-corrosion tested conditions.

Chemical Characterization

A series of specimens of 2024 bare and clad and 7075 bare and clad were

prepared with the following surface treatments:

Chemical Processes

HNO, + Na,SO, (Room Temperature)

HNO, + NaZSO4 (Elevated Temperature)
Lockheed (08) (See Appendix 1)

Northrop's Deoxidizer (Process Bulletin C-27)(See Appendix 1)
FPL Etch

FPL + Dichromate Seal

Anodic Processes

Phosphoric Acid Anodize
Low Voltage Sulphuric Acid Anodize
Ammonium Tartrate

Electrnn diffraction analyses were performed on the as-prepared surface

to determine the crystalline character of any oxides present. The Hitachi

HUllA transmission electron microscope was used for this. Auger spectrographic

analysis was performed after exposure to 10.9 torr vacuum for 24 hours on

each treated surface in the as-treated condition, 50A below the surface, 500A
1000A, 2000A, etc., or until the oxide disappeared or depth of oxidation could
- Na,SO

3 250
C-27 and FPL and FPL + dichromate seal chemical surface preparations, Only in

be extrapolated. The presence of a oxide was found in the hot HNO

the FPL type preparations was the oxide entirely a. The thickness of the oxide

appears to increase where definite oxide forms are present.




Table II shows a summarization of the microstructural analyses performed

on the chemical and anodic processes.

A representative profile/chemistry plot is shown for the FPL (metal

bond) and spot weld etchant as shown in Figure 3.

Physical Characterization

The changes in morphology of the surface layer of aluminum adherends
following different chemical pretreatments were studied by scanning electron
microscopy (SEM) directly and by transmission electron microscopy (TEM) using
reflection high energy electron diffraction (RHEED) techniques. RHEED studies
were carried out on a Hitachi HULlA electron microscope with the standard
high resolution electron diffraction holder mounted above the final projec~
tion lens pole piece. Transmission selected area electron diffraction analy-
ses were not performed because this would entail a stripping of the surface
layers. It was felt that such a stripping could result in a morphological
change and, thus, an analysis of the layer in situ would be more reliable.
Where an analysis of a potentially stratified layer is required, ion milling
is being used to profile various levels of the oxide layer. Selected thick=-

nesses are removed and then RHEED characterization is performed.

Physical examination of the prepared surfaces is performed using the
]

scanning electron microscope. Specimens are vacuum coated with 100A of gold
to minimize charging effects. A new technique has been developed for the
analysis of the extremely thin oxide layer coatings. In this technique, sec-
tions of the panel 1/4" X 1" are bent around a 1/4" mandrel to a bend angle
of either 90° or 180°, depending on which angle is required to stress the
oxide layer sufficiently to cause fracture. These sections are then mounted
in the SEM such that they may be viewed at 90° to the fractured bent surface
or at other selected angles such that the edge of the oxide layer may be viewed
directly (See Figure4 ). With this technique, various magnification ratios
were evaluated to determine the proper ratio to best characterize the type of
oxide layer (barrier, porous or sealed), to qualitatively assess the relative

thickness of the layer, and to qualitatively assess the tenacity of the layer.
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TABLE II

SUMMARIZATION OF OXIDE CHARACTER AFTER VARIOUS PROCESSES

ANODIC PROCESSES

ROCESS & MATLRIAL

THICKNLSS

mee

PESCREPTION

Phosphorle Aci Anodlza

2024-1
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2024-T3 Bate
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[ 1}

» U
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Barrier
"
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L] "
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n

aAl 10"'"10

@ A1204:1120
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to air.

CHEMICAL PROCESSES

PROCESS &

MATERIAL
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TYPL

DESCKIFTION

"mrulzso‘
(RT)

1NOy-Na 380,
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mr".:”‘
(1)
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"
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tures of &
4+ Poxides
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Al203 struc
tutes de-
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Ll
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+8
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ofedfs,
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sy 40
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TABLE 11

SUMMARIZATION OF OXIDE CHARACTER AFTER VARIOUS PROCESSES

(Continued)

-

In order to further clarify the meaning of various terms as applied to
anodic or chemical oxides developed on aluminum the following list of defini-

tions may be used.

Barrier Layer -

Porous Lazer -

Unsealed Porous

Sealed Porous -

first layer formed in anodic process and its thickness
varies directly with forming voltage. It is thin, dense,
and dielectrically compact.

porous outer layer growing on the barrier layer during
anodic process. Porosity depends on dissolution velocity
and condition and rate of growth of film (related to
operating conditions and type of electrolyte). Pore size
and cell size related to operating conditions also.

The porous oxide in the as-grown state. Pores are
open and clean with direct paths from outer edge of porous
oxide to barrier layer level.

the porous layer has been sealed with particular additives
depending upon sealing process. This may vary from boiling
water, chromates or silicates to metal salts which hydro-
lyze coating the pore capillaries with active compounds.




A specimen is obtained by removing the bend area of a 1/4" by 3/4" by
0.060" specimen bent to 90°., The bend area is then placed so that the electron

beam will reflect from the surface of the bent area. In thicker layers,

[+]
>500A, only the layer diffracts the electron. In thinner specimens, a con-

tribution is received from the aluminum substrate. Analysis of the dif-
fraction pattern is performed by running standard patterns of Au to accurately
obtain sample-to-photoplate distance for the respective pole piece and cur-
rent conditions. The spotty patterns are analyzed using a circular film
reader. Analysis is achieved by comparing with ASTM card file data for X-ray
diffraction patterns, Table III shows a comparison of the "d-spacings' for

the most commonly found oxides. In each oxide, 2 or 3 lines were 'tagged"

as indicators as to their presence or not in the oxide layer. These were:

Bayerite - 4.72, 4.36, 2,21
Boehmite - 6.11, 3.16, 1.86
Gamma - 2.41, 2.28, 1.98
Alpha 3.48, 2,55, 1.74

In each oxide, distinct differences in d-spacings allowed positive identi-
fication of the oxide., In addition to the conventional RHEED techniques, the
Kent-Cambridge S4-10 SEM has the capability for selected area diffraction
techniques using the electron channeling effect. This method is considerably
more rapid than conventional TEM procedures, It is more difficult to inter-
pret. However, through the use of pre-prepared standards of the desired

oxides, a quick visual comparison of patterns results in analysis.

The following oxide film layers have been analyzed for crystallographic
morphology:

FPL Etchant FPL Etch plus Dichromate Seal
Phosphoric Acid Anodize A.R. Aluminum Sheet

Sulfuric Acid Anodize HNO3-Na2804

Chromic Acid Anodize HNO3-AmChem 7

Ammonium Tartrate Anodize Lockheed Spot-Weld Etch




TABLE 1II
DIFFRACTION SPACINGS FOR SELECTED OXIDES OF ALUMINUM

BAYERITE

BOEHMITE

GAMMA

ALPHA

d-SPACING

1/1o

d-SPACING

1/1o

d-SPACING

d=SPACINC

100
70

25

1

6.11

100




In each instance, 2024-T3 bare and clad and 7075-Té bare and clad 0.060-

inch nominal thickness sheet stock materials were evaluated. Surface of the

as-received materials indicated primarily the presence of the Bayerite. The
presence of Al was also noted due to the thin layer (approximately 100;).
This appears to be in contradiction with recently published results(l) where
20 and Al0 on the

have reported that these two oxides

a "sub-oxide" of Al,0, was reported to be a mixture of Al

as-received surface. Researchers(z)
exist in the gaseous state. Examination of the "pressure-temperature" phase
(3)

diagram would indicate that the Bayerite phase would exist in a normal

room temperature aluminum surface. Crystallographic morphology did not appear
to be affected by the nature of the substrate (bare or clad) or chemistry of
substrate (Al-Cu or Al-2n, 2024 and 7075, respectively)., Of course, analysis

was performed on the outer layer of the oxide. If there were any stratified
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